A field experiment was carried out to investigate the effect of fertilization level on the phenolic composition of tronchuda cabbage (Brassica oleracea L. var. costata DC) external and internal leaves. Eight different plots were constituted: a control without fertilization, one with organic matter, and six experiments with conventional fertilizers (nitrogen, boron, and sulfur, two levels each). The phenolic compounds were analyzed by reversed-phase HPLC-DAD. External and internal leaves revealed distinct qualitative composition. In the internal leaves were found 15 phenolics (5 kaempferol and 10 cinnamic acid derivatives), whereas the external leaves presented 3-p-coumaroylquinic acid and 13 kaempferol derivatives. Principal component analysis (PCA) was applied to assess the relationships between phenolic compounds, agronomical practices, and harvesting time. Samples obtained with conventional practices were quite effectively separated from organic samples, for both types of leaves. In general, samples developed without any fertilization presented the highest phenolics amounts: external and internal leaves contained 1.4-and 4.6-fold more phenolic compounds than the ones that received conventional fertilizer, respectively, and the internal leaves presented 2.4 times more phenolics than the ones grown with organic amendment. Additionally, samples from organic production exhibited higher total phenolics content than those from conventional practices, collected at the same time. Samples harvested first were revealed to be distinct from the ones collected later. The results show that it is possible to grow tronchuda cabbage without excess fertilizers, with highest amounts of phenolics and reduced environment contamination.
INTRODUCTION
It is well established that a greater daily intake of vegetables and fruits is associated with a smaller risk of the major deadly diseases in Western society. Plant secondary metabolites are the most likely candidates for this general health-promoting effect (1) . Epidemiological studies indicate that consumption of cruciferous vegetables is more strongly associated with decreased cancer risk than fruit and vegetable consumption in general, which can be attributed to the presence of sulfurcontaining compounds (2) . Other phytochemicals, such as phenolic compounds, may also contribute to this effect.
Tronchuda cabbage (Brassica oleracea L. var. costata DC), mainly consumed for its leaves, has already been characterized in terms of glucosinolates (3, 4) and phenolics (5, 6) . Although genetics and seasonally induced changes are the primary determinants of the composition of secondary plant metabolites, the phenolics content may also be affected by environmental factors and the fertilization regimen (7, 8) .
Soil mineral nitrogen availability may vary according to the amount of applied nitrogen and crop nitrogen uptake pattern (9) . Nitrogen uptake, which is genetically determined, in Brassicas is higher than in many other food crops. Despite this, a significant part of the nitrogen taken up is lost to the soil in dead leaves, during the growth cycle (10) .
In contrast to conventional systems, in which synthetic fertilizers containing directly available inorganic nitrogen are used, organic systems rely on the activity of a diverse soil ecosystem to make nitrogen available to plants (11, 12) . It has been shown that nitrogen can become a growth-limiting nutrient in organic production, affecting negatively yield (12) . This problem is overcome by conventional farmers, who obtain roughly the same nutrient supply across a variety of soil types and farming systems, because fertilization is adjusted to the level that gives the highest yield. On the other hand, conventional farming systems are often associated with problems such as nitrate leaching and groundwater pollution, degradation of soil structure, decreased surface infiltration of water, and pesticide contamination (9, 13) . In fact, the lower nitrogen mineralization rate in organic farming system may improve nutrient recycling and reduce the risk for nitrogen leaching and groundwater pollution (1, 9) .
The production of phenolic metabolites responds to changes in nutrient availability in a highly complex manner (14) . Nitrogen stress triggers the gene expression of flavonoid pathway enzymes, and nitrate availability was shown to directly affect the enzyme activity in the phenylpropanoid pathway (7, (15) (16) (17) . Some authors propose that variation in concentrations of secondary metabolites may be due to differences in plant growth and accumulation of biomass (14) . Others noticed that some phenolics, such as kaempherol and quercetin, do not seem to be affected by nutrition levels to the same extent as plant growth (16, 18) .
Boron is required for normal growth and development of all higher plants, and it is thought to be involved in three main aspects of plant physiology: structure of cell walls, membrane function, and metabolic activities (19) . This nutrient is one of those responsible for the changes in concentration and metabolism of phenolic compounds in vascular plants, due to its effects on polyphenol oxidase activity (20) . This enzyme is normally bound to membranes or walls in a latent form and becomes active when released under boron-deficient conditions, which leads to phenolic compounds accumulation (19) .
Sulfur is often referred to as the fourth major plant nutrient, as it is an essential component of important metabolic and structural compounds (21) . Whereas nitrogen is mainly used for structural macromolecules, sulfur plays critical roles in the catalytic or electrochemical functions of the biomolecules in cells. Sulfur is found in amino acids, oligopeptides, vitamins and cofactors, and a variety of secondary compounds, such as glucosinolates in the Brassicaceae (2, 22) .
Although vegetables or vegetable food commodities are produced under conventional practices, there has been increasing interest in organic products. Consumer perception is that these products are healthier than the conventional ones, with higher nutritional value and reduced pesticide residues, with the advantage of being produced in a sustainable agricultural practice less harmful to the environment (7, 12, 23) . When several quality aspects of organically and conventionally grown plant-derived foods were compared, only small and inconsistent differences were found (1). In previous works comparing organic or conventional production, B. oleracea var. costata grown under organic practices showed a slight tendency to increased phenolics levels (5, 6), although it was not possible to conclude that this corresponds to higher antioxidant potential (24) . However, this tendency was not evident for other Brassica species (23) .
Due to the important role of phenolic compounds as health protective agents, the aim of this work was to evaluate the influence of fertilizers, namely, organic (Dix10) and chemicals (nitrogen, boron, and sulfur), on B. oleracea var. costata phenolic composition and biomass production. In addition, the interference of the level of chemical fertilizer was also checked.
MATERIALS AND METHODS
Standards and Reagents. p-Coumaric and sinapic acids were from Sigma (St. Louis, MO) and kaempferol 3-O-glucoside and kaempferol 3-O-rutinoside from Extrasynthése (Genay, France). Analytical grade formic and acetic acids were purchased from Merck (Darmstadt, Germany). The water was treated in a Milli-Q water purification system (Millipore, Bedford, MA).
Plant Material and Treatments. Tronchuda cabbage (B. oleracea var. costata) plants were grown under different fertilization regimes. The experimental work was carried out in one field located in Bragança, northeastern Portugal (41°48′ N, 6°44′ W). The field had an inclination inferior to 5% and was turned up to the northeast. Sowing occurred in the middle of June 2005, in a greenhouse (22 ( 2°C, 80% humidity). Young plants were transplanted to the field at the end of August, spaced at 0.8 × 0.5 m between and within rows. Before the fertilization treatments, the soil was loamy textured with 0.83% organic matter, a pH (H 2O) of 5.2, and median phosphorus (54 mg of P2O5/kg) and high potassium (126 mg of K 2O/kg) levels. Eight treatments were established: a control (C), without any fertilization, and one with Dix10 (Crimolara, Portugal), an authorized organic amendment (10% total N, 3% K2O, 3% P 2O5, 2.5% CaO, 0.6% MgO, and 30.5 mg of B/kg); N1 and N2, with 80 and 160 kg of N/ha (80 kg/ha soil application + 80 kg/ha side dress application in mid-October), respectively; B1 and B2, with 2.2 and 4.4 kg of B/ha, respectively; and S1 and S2, with 37.3 and 74.6 kg of S/ha, respectively. All conventional fertilizer regimens received 80 kgof N/ha to ensure plant growth, with the exception of the N2 treatment. The fertilizers were simultaneously applied at the beginning of the growth season. The conventional fertilizers used were urea, borax, and magnesium sulfate (ADP, Portugal). Phosphorus (150 kg of super 18/ha) and potassium (50 kg of KCl/ha) were also used in these fields. Twelve cabbages were planted for each experimental treatment.
Samples were collected on three occasions during the growth season: in mid-November 2005 (a), mid-December 2005 (b), and mid-January 2006 (c). At each harvesting date and for each fertilization regimen three plants were randomly collected from three different plots. All samples were collected in the morning, at the same hour. After harvesting, the plants were immediately transported to the laboratory and weighed, and external and internal leaves were separated. Care was taken to choose plants and leaves of similar developmental stage: internal leaves, looking pale yellow and tender, were separated from the external ones, which presented a dark green color and were no longer actively expanding, although not yet senescent.
Each analyzed sample corresponds to the mixture of the three plants developed and collected in the same conditions. Two hours maximum after their collection, the samples were frozen at -20°C and then lyophilized (Labconco 4.5 Freezone apparatus, Kansas City, MO). The freeze-dried samples were powdered and kept in a desiccator in the dark, until they were subjected to phenolics extraction. To evaluate the dry weight, three plants of each treatment of the third harvesting time were dried at 65°C until constant weight (6 days).
Phenolic Compounds Extraction. An aqueous extract was used for the phytochemical characterization: ca. 3.0 g of powdered B. oleracea var. costata leaves was boiled for 15 min in 300 mL of water and then filtered over a Büchner funnel. The resulting extract was lyophilized, and a yield of ca. 1.4 g was obtained. The lyophilized extract was kept in a desiccator, in the dark. The lyophilized extract was redissolved in water, in triplicate, immediately before the HPLC-DAD analysis.
HPLC-DAD Quantitative Analysis of Phenolics. As internal and external leaves exhibit distinct phenolics composition (5, 25) , to achieve a better separation of the compounds the HPLC gradients used for the analysis of the two kinds of leaves were different. The analysis of phenolic compounds was carried out as previously reported (5, 25) using a HPLC unit (Gilson) and a 250 × 4.6 mm i.d., 5 µm Spherisorb ODS2 column (Waters, Milford, MA), protected with a 4 × 4 mm Spherisorb ODS2 guard column. For the internal leaves analysis, elution was performed using acetic acid 1% (A) and methanol (B) as solvents, starting with 20% B and using a gradient to obtain 50% B at 30 min, 80% B at 37 min, and 100% B at 42 min. For the external leaves the solvent system was a mixture of formic acid 5% (A) and methanol (B), with the following gradient: 0 min, 10% B; 25 min, 20% B; 40 min, 50% B; 45 min, 50% B; 46 min, 90% B; 50 min, 90% B; 55 min, 100% B; 58 min, 100% B; and 60 min, 10% B. The flow rate was 1 mL/min, and the injection volume was 20 µL. Detection was achieved with a Gilson diode array detector. Spectral data from all peaks were accumulated in the range of 200-400 nm, and chromatograms were recorded at 330 nm. The data were processed on Unipoint system software (Gilson Medical Electronics, Villiers le Bel, France). Peak purity was checked by the software contrast facilities.
Phenolic Compounds identification was based on the retention time and UV spectra of each peak, in comparison with data published before for external (5) and internal (25) B. oleracea var. costata leaves. Quantification was achieved by the absorbance recorded in the chromatograms relative to external standards. With the exception of kaempferol 3-O-glucoside, which was quantified as itself, the kaempferol derivatives were quantified as kaempferol 3-O-rutinoside, 3-and 4-p-coumaroylquinic acids were quantified as p-coumaric acid, and sinapic acid derivatives were quantified as sinapic acid, because none of them was commercially available.
Statistical Analysis. Principal component analysis (PCA) was applied to the results. PCA was performed by the SPSS program (version 15.0). PCA was applied separately for external and internal leaves. Individual concentrations of each phenolic compound and fresh weight of the plant were selected as variables.
RESULTS AND DISCUSSION
Changes in Biomass. Tronchuda cabbages grown with no fertilization presented the lowest fresh weight, at all harvesting dates (Figure 1 ): on average, samples developed under organic amendment or chemical fertilization exhibited 1.4-and 2.8-fold the weight of those grown with no fertilization, respectively. Additionally, samples developed under organic amendment exhibited lower weight than the ones grown with traditional fertilization. Phenological development is driven by temperature and by photoperiod: a short photoperiod is associated with reduced peak radiation, reduced daily radiation, lower mean temperature, and lower minimum temperature. Of these, low minimum temperature would advance phenology in thermal time, whereas both short photoperiod and low radiation could have the reverse effect of slowing phenological development in Brassica species (26) . Although a period of 3 months was considered, the harvesting time did not have a relevant effect on fresh weight in any of the samples.
All plants presented similar moisture contents, ranging from ca. 84 to 88%, with no important differences among samples grown under different agronomic practices. Phenolic Compounds. The quality and quantity of phenolics are influenced by the maturity of the leaves, being different in young and old ones (27) . In the case of tronchuda cabbage analyzed samples, the phenolic composition of internal (younger) and external leaves (older) was considerably different in terms of qualitative profile and total amounts, as was observed before (5, 25) . In the internal leaves were found 15 phenolics, of which 5 were kaempferol derivatives and 10 were cinnamic acid derivatives (Figure 2A) . The external leaves were characterized by the presence of 3-p-coumaroylquinic acid and 13 kaempferol derivatives (Figure 2B) . Only 3-p-coumaroylquinic acid (1), kaempferol 3-O-sophoroside-7-O-glucoside (2), and kaempferol 3-O-sophoroside (9) were found in both leaves. Kaempferol 3-O-sophoroside-7-O-glucoside (2) was the major compound in both kinds of leaves, kaempferol 3-O-sophoroside (9) being also an important one.
The external leaves total phenolic compounds amount was, in general, much higher than that of the internal ones (Tables  1 and 2 ). This can be ascribed to the fact that the production of phenolics is usually lower during rapid growth of the younger leaves, increasing significantly thereafter, when the photosyn- thetic capacity of the newly matured leaves is highest and they are no longer growing (18) . The kaempferol derivatives present in internal leaves varied between ca. 51 and 90% of total phenolics. The sinapic acid derivatives represented ca. 7.2-34%. In this group, sinapic acid (8) was, for most of the samples, the major compound, representing ca. 2.0-18.5%. The p-coumaroylquinic acid derivatives (compounds 1 and 7) varied between 1.7 and 18.5%. Sinapic acid derivatives 12, 13 + 14, 15, and 4-pcoumaroylquinic acid (7) were minor compounds in all samples.
As referred to above, external leaves were characterized by the presence of 13 kaempferol derivatives and 3-p-coumaroylquinic acid (compound 1), which represented ca. 0.3-2.6% of total phenolics. The general pattern of kaempferol glycosylation was substitution in the 3-position with sophoroside, with some compounds simultaneously acylated with cinnamic acids, and in the 7-position with glucose. With the exception of sample S1, from December 2005 (collection date b), kaempferol 3-Osophoroside-7-O-glucoside (2) was the major compound in all of the samples, accounting for more than ca. 20% of total phenolics. Kaempferol 3-O-glucoside (26) was found only in very low amounts (less than ca. 0.6%). General Effects of Fertilization. The patterns of phenolics did not change qualitatively in leaves of B. oleracea var. costata grown under different agronomical practices. However, some differences were noticed in quantitative terms (Tables 1 and  2) . The highest levels of these compounds were detected in control samples, both in internal and in external leaves: external and internal leaves developed without any fertilization contained 1.4-and 4.6-fold more phenolic compounds than the ones that received conventional fertilizer, respectively, and the internal leaves presented 2.4 times more phenolics than the ones grown with organic amendment. Although total phenolics contents were higher in samples with no or organic fertilization, the amounts found per plant, considering the fresh weight, were not very different in all samples. This can be explained by dilution by leaf growth, instead of increased phenolics production (18) . Generally, external leaves had a lower dispersion, and this is more evident in terms of the total amount of phenolic compounds, which varied between 16.0 and 30.4 g/kg for external leaves and between 1.6 and 26 g/kg in the internal ones.
Principal component analysis (PCA) was performed to assess the relationships between phenolic compounds, agronomical practices, and harvesting time. PCA was applied separately to both types of leaves due to their qualitative different phenolic profiles, with only three compounds in common, as referred to above (compounds 1, 2, and 9).
For internal leaves, PCA yielded two PCs (with eigenvalues higher than 1) that accounted for 81.3% of the total variance in the data (Figure 3 ). PC1 and PC2 explained 70.5 and 10.9% of the total variance, respectively. For external leaves (Figures  4 and 5) , five PCs with eigenvalues greater than 1 accounted for 79.9% of the total variance in the data. To simplify the analysis of the results, and considering the scree plot, only the first three PCs were retained, explaining 62.9% of the total variance (30.9, 16.9, and 14.2%, respectively).
For both types of leaves (Figures 3 and 4) , cabbages produced with organic fertilizer and control were quite effectively separated from those of chemical fertilizations, although they were not clustered according to the amounts and different fertilizers provided in each agronomical practice. (Figures 3 and 5) .
Effects of Organic Fertilization. In general, samples from organic fertilization exhibited a tendency for higher total phenolics content than those from conventional practices, collected at the same time (Tables 1 and 2) . The higher concentrations of phenolic compounds in those samples can be explained by the increased environmental stress caused by the lack of nutrients (7, 8, 11, 15, 23) , once in this case the degree of mineralization of nitrogen could be insufficient to provide the nutrients needed for the rapid growth of young leaves.
In the internal leaves from organic fertilization, the kaempferol derivatives varied between 79 and 90% of total phenolics. This proportion decreased in samples from conventional fertilization, in some cases to 50%, being more pronounced in samples fertilized simultaneously with nitrogen and sulfur. It seems that in the internal leaves the organic fertilization induces the acetate/shikimate pathway, resulting in higher production of flavonoids, whereas the conventional fertilization preferentially leads to the shikimate pathway alone, resulting in more phenolic acids. In external leaves the kaempferol derivatives were always higher than 97%.
Effects of Nitrogen Fertilization. Fertilization with nitrogen usually accelerates the vegetative growth of plants, although increased nitrogen availability may decrease the levels of phenolic compounds (14) . A trend for increased biomass production (Figure 1 ) and decreased phenolic compounds concentrations (Tables 1 and 2 ) was observed with the moderate level of nitrogen (N1 samples). When the results were compared with those obtained with samples treated with higher levels of nitrogen (N2), no relevant differences were found (Figures 3-5) .
Low nitrogen availability is the most common growth-limiting factor for primary production of plants (1, 13, 14) . In most crops, yield is clearly improved by nitrogen fertilization, particularly when it is limiting the genetic growth potential (13, 28) . Maybe with the moderate level of nitrogen the plants reached the genetically determined capacity to form biomass (28) . Therefore, these results indicate that it may be possible to obtain good yields in B. oleracea var. costata growth and high phenolics content with minimized nitrogen fertilization. The risk of nitrogen leakage from the soil can thereby be reduced, which has a positive impact on the environment (27) .
Effects of Sulfur Fertilization. Application of sulfur together with nitrogen had no significant effects on the growth or phenolics metabolism of B. oleracea var. costata (Figures 1  and 3-5 and Tables 1 and 2) . Sulfur assimilation by plants responds dynamically to changes in environmental conditions and to sulfur supply (22) . As a consequence, phenolic compounds can vary with sulfur fertilization, due to its effects on phenolic enzymes polyphenol oxidase and peroxidase (29) . Yield and quality responses to applied sulfur are likely especially on light sandy soils as atmospheric sulfur inputs are being reduced (21) . Maybe in the fields where this experiment was developed, the sulfur inputs, other than the agronomical application, were still enough to ensure good plant development.
Effects of Boron Fertilization. Boron deficiency is the most widespread of all the micronutrient deficiencies (20) , although it can be toxic when present in excess (30) . The primary effect of boron deficiency is the reduction of cell enlargement in growing tissues (30) . Other effects are the cessation of root elongation, reduced leaf expansion, and loss of fertility (31) . Boron fertilization of B. oleracea var. costata, a hardy crop, did not considerably affect its growth and phenolic composition (Tables 1 and 2 and Figures 3-5) .
Effects of Harvesting Time. Plants harvested in November, generally with a higher content of phenolic compounds (Tables  1 and 2) , showed a good separation from the samples harvested later (Figures 3 and 5) . These results may be explained by UV irradiation: the leaves of these samples developed earlier in the winter, with a larger photoperiod, and it is known that this factor induced flavonoids (particularly kaempferol derivatives) and sinapate esters in Arabidopsis (32) and caused an overall increase in the amount of soluble flavonoids in Brassica napus (33) . The same was observed for broccoli, for which, in general, rich sulfur fertilization and longer exposure to sunlight lead to higher concentrations of phenolic compounds (29) .
In the case of internal leaves phenolics content, the difference between organic and N1 fertilization found in the last collection was smaller than those observed for the samples collected earlier.
Maybe at the date of the last collection the plants are already adapted to the fertilization conditions, leading to smaller difference between these two regimes. Additionally, the internal leaves of sample S1, from the first harvesting date (a), showed a distinct phenolic profile, especially with regard to the major compounds kaempferol 3-O-sophoroside-7-O-glucoside (2), which was not quantifiable, and kaempferol 3-O-sophoroside (9), the percentage of which almost corresponds to the sum of compounds 2 and 9 in the other samples. Therefore, this sample did not cluster with the other samples from the same date (Figure 3) .
In terms of individual phenolics, the concentrations of 3-pcoumaroylquinic (1) and 4-p-coumaroylquinic (7) acids were significantly higher in the first harvesting and for all treatments of internal leaves (Figure 3, II) .
On the other hand, no important differences were observed in the percentage of kaempferol 3-O-sophoroside (9), a major compound in both kinds of leaves. The kaempferol glycosylation with sophorotrioside, which was found only in external leaves, notably increased from the first sampling time to the last sampling.
The differences found for total phenolics composition at the three harvesting dates were not relevant, being not possible to indicate a time for which the harvest of tronchuda cabbage samples with high phenolics contents is favored. These results show that for these compounds the optimum harvest time spans a large period during the winter.
In conclusion, we can say that B. oleracea var. costata can be grown with different fertilization regimens (organic or chemical) without affecting the phenolic profile, although the total amount of phenolic compounds is higher under organic practices. Despite being possible to grow the plant without any kind of fertilization, its development will be greatly affected, but no decrease in phenolics biosynthesis will be observed.
By comparison with the application of a moderate dose of nitrogen (80 kg/ha), the use of a high nitrogen quantity (160 kg/ha) or the simultaneous fertilization with a moderate nitrogen dose and boron or sulfur does not considerably affect phenolics and biomass of the plants. Therefore, it is possible to grow tronchuda cabbage without excess fertilizers, with highest amounts of phenolics and reduced environment pollution. The effect of fertilization in other essential nutrients cannot be forgotten and deserves to be explored.
